[1] We investigate the retrieval of column ice mass from mid-UV solar scattering polar mesospheric cloud (PMC) observations to help constrain estimates of the ice budget of the polar summer mesosphere. First, we show that the backscattered brightness from PMC particles is roughly proportional to the mass of the ice particles. Second, we quantify the sensitivity of the retrieved PMC column ice mass to the particle size distribution for a viewing geometry typical for a subset of Solar Backscattered UltraViolet (SBUV) satellite data taken at 70 ± 2.5°N. Considering a wide range of Gaussian size distributions using spherical particles with peak radii between 15 nm and 100 nm and widths between 10 nm and 20 nm, we find that we can constrain the inferred ice column mass to ±43% for 95% of the distributions in this range. For this scenario we also show that spheroids with axis ratios of 0.5, 2.0 and 5.0 generally decrease the sensitivity of the inferred ice column mass to the size distribution. Third, we quantify the sensitivity of the retrieved PMC column ice mass for a viewing geometry typical for a subset of Student Nitric Oxide Explorer (SNOE) satellite data. Using the same wide range of size distributions, we show that the inferred ice column mass can be constrained to ±33% for 95% of the distributions in this range. The results of this paper are used by two companion papers to investigate the polar mesospheric ice budget. 
Introduction
[2] Observations of polar mesospheric clouds (PMCs) from space are typically made by instruments designed to measure other properties of the mesosphere and lower thermosphere. Therefore the observation techniques, sensitivities, geographical and temporal coverage, and spatial resolution vary widely for the different instruments. Examples are visible and infrared (IR) solar occultation measurements [Hervig et al., 2001; Eremenko et al., 2005; Debrestian et al., 1997] , ultraviolet (UV) nadir viewing albedo measurements [DeLand et al., 2003 [DeLand et al., , 2006a , or UV limb viewing solar scattering observations [e.g., Carbary et al., 2003; von Savigny et al., 2005; Bailey et al., 2005] .
[3] Typically, results from PMC investigations are reported using data from a single instrument. They provide insight on cloud properties like altitude, occurrence frequency, particle size, and particle composition. Because of the highly variable nature of PMCs and because of instrument specific differences like sensitivity, viewing geometry or lighting conditions, it can be difficult to place these results in the context of each other and in the context of model results.
[4] As more measurements become available and PMC microphysical model calculations improve [Rapp and Thomas, 2006; Berger and Lübken, 2006; Siskind et al., 2007] , it is of increasing importance to compare individual data sets with each other and with model calculations in a quantitative way.
[5] We herein focus on a method of comparison using a measure of how much ice is present in a given PMC observation: The vertical column ice mass. This quantity has been derived using model results [Turco et al., 1982; Jensen and Thomas, 1988; Rapp and Thomas, 2006] and using observations from the Solar Mesosphere Explorer (SME) [Thomas, 1984; Thomas and McKay, 1985] . More recently, Stevens et al. [2005] derived the column ice mass using one season of PMC albedo observations from the Solar Backscattered UltraViolet (SBUV) instrument and found general agreement with the SME value.
[6] This work has three major objectives. First, we show that the column ice mass, when derived from mid-UV observations of backscattered (q > 90°) sunlight, is relatively insensitive to characteristics of the particle size distribution (mean radius and width) and the particle shape. Second, we determine the relation between the 252 nm PMC albedo measured by SBUV and the column ice mass for a typical scattering angle, assuming a wide range of particle size distributions. Third, we quantify the sensitivity of column ice mass to PMC limb radiance measurements at 215 nm for a typical scattering angle of measurements by the Student Nitric Oxide Explorer (SNOE). All of these objectives will lay the foundation for the companion paper by Stevens et al. [2007] , who also include the cloud frequency to compare the total PMC ice mass observed by SBUV and SNOE.
Inferring Column Ice Mass From Mid-UV Scattering Observations
[7] In this work we consider measurement scenarios typical for mid-UV observations of SBUV and SNOE. We include the instrument name whenever a property is a function of the sensitivity or viewing geometry of the instrument. For example, we will use ''SNOE PMC column ice mass'' to indicate that it is a property derived from data of a particular instrument and is therefore subject to its observational parameters. We introduce this nomenclature because even if two instruments look at the same cloud field, the derived PMC quantity can be different because of different instrument sensitivity or viewing geometry.
[8] Inferring the vertical column ice mass from mid-UV scattering signals requires the field of view geometry, the observed wavelength band, and the scattering angle, all of which are known for the satellite observations herein. However, it also depends on less well known parameters, namely the cloud temporal and spatial variations, cloud particle shape, the complex index of refraction of ice around 140 K, and the particle size distribution relevant to the observations. These are discussed in the context of our analysis below.
Cloud Variations
[9] Ground based observations of PMCs or noctilucent clouds (NLCs) show that they have a complex morphology on scales down to about $10 km or less and evolve on timescales of tens of minutes [Witt, 1962; Gadsden, 1982; Taylor et al., 2002] . Satellite observations, however, currently do not resolve these fine spatial structures, nor do they completely sample the entire PMC region at all times, so that we have to make simplified assumptions to infer the PMC column ice mass. In this work, we assume that the spatial sampling of the cloud region under investigation (170 km 2 nadir footprint for each SBUV measurement) is dense enough to be representative. For limb observations, we assume a spherical symmetry of the cloud layer and a cloud thickness of 1 km (see section 4.1).
Cloud Particle Shape
[10] Most previous analyses of PMC optical properties have assumed spherical particles with a lognormal size distribution [e.g., Rusch et al., 1991; von Cossart et al., 1999; Stevens et al., 2005; von Savigny et al., 2005; DeLand et al., 2006b ]. However, evidence of nonsphericity has been presented using satellite observations in the infrared [Eremenko et al., 2005] and ground based lidar observations [Baumgarten et al., 2002] . The lidar depolarization measurements show nonspherical particles with axis ratios (AR) between 2.5 and 10. However, the authors point out that the depolarization part of the PMC is located about 1 km higher than the altitude of the maximum backscattering suggesting that the large axis ratios are predominantly present in the initial growth phase of the particles. Rapp et al. [2007] argue that the interpretation of mid-UV PMC observations requires consideration of nonspherical particles if the ice particles are represented by a Gaussian size distribution as suggested by microphysical models [Berger and von Zahn, 2002; Rapp and Thomas, 2006] .
[11] We will use a Gaussian size distribution and also consider the implications of nonspherical particles for the SBUV observations. We consider spherical particles as well as spheroids with axis ratios of 5.0, 2.0 (oblate) and 0.5 (prolate). For the analysis of the SNOE data we only consider spherical particles.
Index of Refraction
[12] The complex index of refraction of ice in the mid-UV at PMC temperatures has never been measured. The best available estimate for the wavelength-dependent refractive index is provided by Warren [1984] who compiled measurements of the imaginary part over most relevant portions of the electromagnetic spectrum and used the Kramers-Kronig relation to calculate the real part. The tabulated values are recommended for use between 213.15 K and 273.15 K. In the wavelength region of interest here, the imaginary part is many orders of magnitude smaller than the real part (see Table 1 ). Warren [1984] points out that while the real part can be obtained reliably the imaginary part cannot. However, since the imaginary part is so small, our results are not sensitive to its uncertainty [Perovich and Govoni, 1991] . In this work, we will use the data published by Warren [1984] and perform an interpolation to obtain the refractive indices at the relevant wavelengths.
Particle Size Distribution
[13] When the PMC column ice mass (h ice ) is inferred from mid-UV PMC radiance or albedo measurements, its dependence on the particle size distribution can be written as follows, under the assumption of an optically thin cloud:
where r ice is the water ice density, L q,l is the measured radiance at the scattering angle q and wavelength l, F l is the solar flux, n(r) is the radius-dependent normalized number density of the PMC particles, s(q, l, r) is the differential scattering cross section, and A q,l is the albedo.
[14] Equation (1) shows that the retrieved ice column mass is independent of the particle size distribution, in case the differential cross section is proportional to r 3 . In this case, no knowledge of the particle size distribution would be necessary to retrieve the ice column mass in the instruments field of view. We therefore have to take a closer look at the particle radius dependence of s(q, l, r):
[15] Under forward scattering conditions, the differential cross section of PMC particles in the mid-UV exhibits a dependence on radius similar to Rayleigh scattering [e.g., Rapp and Thomas, 2006] . Thus, for forward scattering angles (q < 90°), s(q, l, r) is roughly proportional to the sixth power of the particle radius. This geometry is typical of SNOE PMC observations in the Southern Hemisphere. Figure 1a shows the differential scattering cross section versus radius for a monodisperse ice particle distribution in a forward scattering geometry, clearly illustrating the r 6 dependence for particles with r < 80 nm. For typical Gaussian or lognormal size distributions this r 6 dependence does not change significantly, so that we expect the retrieved column mass h ice to be strongly dependent on the assumed size distribution. For example, assuming s(q, l, r) is proportional to r 6 the column ice mass in equation (1) would be proportional to r À3 for a given albedo and a monodisperse size distribution. Previously reported cloud particle sizes typically vary between about 15 and 100 nm [e.g., Thomas, 1984; Thomas and McKay, 1985; Rusch et al., 1991; Debrestian et al., 1997; von Cossart et al., 1999; Carbary et al., 2002; von Savigny et al., 2005; Karlsson and Rapp, 2006] . This uncertainty in the radius would result in a factor of about 300 in the retrieved mass under the conditions specified in Figure 1a . A reasonable determination of the column ice mass would be very difficult in this Rayleigh like regime.
[16] However, the r 6 dependence of the differential scattering cross section does not hold under all observation conditions in the mid-UV. For backscattering angles (q > 90°), the mid-UV differential scattering cross sections calculated using standard Mie theory [Bohren and Huffman, 1983] have a much weaker radius dependence. Figure 1b shows the scattering cross section for one typical SBUV wavelength (252.0 nm) and scattering angle (131°). The three solid curves represent a monodisperse distribution (black) as well as a lognormal particle size distribution (blue) and a truncated Gaussian distribution (red). The truncated Gaussian distribution is defined as follows [Berger and von Zahn, 2002] :
where r 0 is the peak radius, s G is the width of the distribution and C is a normalization factor. Figure 1b illustrates that for monodisperse particles larger than about 30 nm, and particle size distributions (Gaussian or lognormal) with peak radii larger than about 30 nm, the scattering cross section dependence is much closer to r 3 (dashed green line) than r 6 (dotted green line). Consideration of randomly oriented nonspherical particles yields similar results for which the resonances in the differential cross section, like the one around 80 nm in Figure 1b , are even weaker.
[17] This analysis of mid-UV scattering properties of PMCs has two important implications. First, the mid-UV PMC observations will be more sensitive to large particles in a forward scattering geometry (Figure 1a) . Second, the differential cross section of cloud particles is roughly proportional to the particle volume or mass for a backward scattering geometry (Figure 1b) . This second implication allows us to retrieve the PMC column ice mass from backscattered solar UV data with only limited knowledge of the particle size distribution.
[18] In the following we are going to consider a very wide range of truncated Gaussian distributions with 15 nm < r 0 < 100 nm and 10 nm < s G < 20 nm. This distribution range Figure 1. (a) Example of a forward scattering differential cross section versus particle radius. The wavelength and scattering angle indicated are relevant to typical SNOE PMC observations in the Southern Hemisphere [Bailey et al., 2005] . The calculation assumes spherical water ice particles and shows an r 6 dependence for typical PMC particle radii (r < 80 nm). (b) Example of a backward scattering cross section versus particle radius. The wavelength and scattering angle are typical for SBUV observations near 70°N assuming a monodisperse distribution (black), a lognormal particle size distribution (blue), and a truncated Gaussian distribution (red). Stevens et al. [2007] , we use data from the 252.0 nm channel and scattering angles around 131°. Thus we will use these parameters for this study so that the results can be applied directly.
[20] Compared to limb viewing instruments like SNOE, SBUV is significantly less sensitive to PMCs because it views the clouds against the bright mid-UV albedo of the Earth's atmosphere. This background can fluctuate because of stratospheric ozone variations [e.g., Thomas et al., 1991] . As a result, the albedo contrast between a clear air observation and a PMC observation is small and ''only the brightest portion of the PMC population'' can be identified [DeLand et al., 2006a] . This is of particular importance for the interpretation of the SBUV data, since the result will be representative of only the bright clouds that exceed the SBUV sensitivity threshold.
SBUV Column Ice Mass Versus Particle Size Distribution and Particle Shape
[21] We will now quantify the change in retrieved SBUV column ice mass for different particle size distributions and particle shapes. Figure 2a shows the relative change in retrieved SBUV column ice mass as a function of r 0 and s G calculated for spherical ice particles (AR of 1.0). The relative change is arbitrarily normalized to the result at r 0 = 60 nm and s G = 15 nm. As mentioned in section 2, the changes are relatively small (tens of percent) when compared to the changes expected from an r 6 dependence of the scattering cross section. Also shown in Figure 2a are two dashed lines that correspond to Gaussian distributions with the same 1/e widths as lognormal distributions with width parameters of 1.42 and 1.2. These widths correspond to the average and minimum width found by von Cossart et al. [1999] in their analysis of ground-based observations.
[22] We also consider how the relative mass varies with the characteristic size and width of nonspherical particles [Mishchenko and Travis, 1998 ]. Figures 2b -2d are similar to Figure 2a , but assume randomly oriented prolate and oblate spheroids with AR of 0.5, 2.0, and 5.0. For the spheroids in Figures 2b-2d , r 0 is defined as the volume equivalent sphere radius. Figures 2a-2d are normalized to the same absolute mass per albedo value, so they can be compared directly. The comparison of Figures 2a-2d shows that the assumption of randomly oriented spheroids does not necessarily increase the uncertainty of the resulting column ice mass. In fact, the results shown here exhibit even less variation of the retrieved mass because of the smaller magnitude of the resonances in the scattering cross sections.
SBUV Column Ice Mass Versus Observed Albedo
[23] Figure 3 shows the retrieved SBUV vertical column ice mass versus the SBUV PMC albedo at 252.0 nm resulting from standard Mie scattering calculations using spherical particles and a truncated Gaussian size distribution as defined in equations (2) and (3). The shaded area covers the results for 95% of all particle size distributions within the range shown in Figure 2a (15 nm < r 0 < 100 nm and 10 nm < s G < 20 nm). The 95% criterion avoids the relatively large positive uncertainty that would result from a few particle size distributions within the unique resonance feature near r 0 = 75 nm and s G = 10 nm in Figure 2a . For a typical SBUV PMC albedo of 10 À5 sr À1 , the vertical Figure 4) showing the relationship between the 252.0 nm albedo and the SBUV column ice mass. The main differences between these two figures are the distribution shape (Gaussian versus lognormal) and the median particle radius (15 -100 nm versus 55 nm). The column ice mass versus albedo shown by Stevens et al. [2005] for r = 55 nm, q = 130°, and s LogN = 1.42 falls almost exactly in the center of the shaded area in Figure 3 , as expected from the calculations shown in Figure 2a . Table 1 summarizes all relevant inputs to the SBUV ice column mass calculations shown in Figure 3 .
PMC Mass Column: Limb Viewing
[24] In contrast to the SBUV observations, most satellite observations of PMCs are made on the limb. SNOE is one such satellite. We now consider mid-UV observations of backscattered sunlight from PMCs made by SNOE and explore how the column ice mass can be derived from the measured cloud radiances.
SNOE Viewing Geometry and Wavelengths
[25] SNOE observed PMCs between 1998 and 2003 in both hemispheres up to 82°latitude. For the following calculations, we use a wavelength of 215 nm and a scattering angle of 136°because the results are then directly applicable to data presented in the companion paper by Stevens et al. [2007] .
[26] SNOE is a spinning satellite whose axis of rotation is roughly perpendicular to the orbit plane and the ultraviolet spectrometer (UVS) points perpendicular to the axis of rotation [Bailey et al., 2005] . Its instantaneous field of view projected on the limb has a height of 3.2 km at the tangent point [Merkel et al., 2001] . The satellite spins with a rate of 5 rpm so that the field of view performs an altitude scan on the limb. Each exposure is 2.4 Â 10 À3 s long. The constant motion of the uniformly sensitive field of view during the exposure results in an effective field of view with a triangular sensitivity function where the half points of the triangle are separated by about 3.2 km in altitude. This viewing geometry is similar but not identical to the UVS on the Solar Mesosphere Explorer (SME) [Thomas and McKay, 1985] .
[27] In the SNOE data set, PMCs are identified by the enhanced limb radiance caused by the UV scattering of the ice particles. Since UVS observes the PMCs against a dim background, it is more sensitive than SBUV and can identify many more PMCs than SBUV, as discussed by Stevens et al. [2007] . Aside from its higher sensitivity, the most important difference between the column ice mass inferred by SNOE and that inferred from SBUV is that the longer SNOE line of sight through the cloud layer yields a much larger slant column ice mass. We uniformly reduce the observed SNOE slant column ice mass by a single geometrical factor to convert it into vertical column ice mass. This factor has been previously derived for the similar SME experiment by Thomas and McKay [1985] assuming a 1 km cloud layer thickness. Using a field-of-view width of 3.2 km and a 1 km thick cloud layer, we find this scale factor to be 97.1 for SNOE. Note that this factor is very insensitive to the assumed cloud thickness. Cloud thicknesses of 2 km and 0.5 km as observed by Fiedler et al. [2003] result in scale factor changes of less than 2.2%.
Particle Size Distribution Relevant to SNOE
[28] As for SBUV, we find the sensitivity of the retrieved SNOE column ice mass considering the wide range of particle size distributions with 15 nm < r 0 < 100 nm and 10 nm < s G < 20 nm. Figure 4 shows the relative change in the SNOE PMC column ice mass as a function of r 0 and s G with the distribution range outlined in white. The data is normalized to r 0 = 60 nm and s G = 15 nm.
SNOE Column Ice Mass Versus Observed Radiance
[29] Figure 5 shows the retrieved SNOE vertical column ice mass versus the SNOE PMC radiance at 215 nm resulting from standard Mie scattering calculations using spherical particles and a truncated Gaussian size distribution as defined in equations (2) and (3). The shaded area covers the results for 95% of all particle size distributions within the range shown in Figure 4 (15 nm < r 0 < 100 nm and 10 nm < s G < 20 nm). For a typical SNOE cloud brightness Figure 3 . Retrieved SBUV vertical column ice mass versus SBUV PMC albedo at 252 nm assuming spherical particles and a truncated Gaussian size distribution. The shaded area (±43%) represents 95% of all solutions assuming distributions with 15 nm < r 0 < 100 nm and 10 nm < s G < 20 nm as shown in Figure 2a . of 200 kR/3.2 nm at 215 nm, the vertical column ice mass is $1.48 Â 10 À8 g/cm 2 (+4%/À48% referenced to r 0 = 60 nm and s G = 15 nm) similar to the typical SBUV measurement and consistent with previous analyses using the similar SME data set [Thomas and McKay, 1985] .
[30] The result that the retrieved vertical column ice masses for typical SNOE and SBUV measurements are similar might seem contradictory to the statement that SNOE is much more sensitive, since one might argue that SNOE measures many more dim clouds with smaller column ice masses. However, we point out that the similarity is the result of the normalization of both retrievals to r 0 = 60 nm and s G = 15 nm. Should, for example, the typical particle size for SNOE PMC detections be somewhat smaller than 60 nm, the retrieved typical SNOE column ice mass would decrease as shown in Figure 4 . This idea is discussed further in the companion paper by Stevens et al. [2007] . Since we do not use any size information determined directly from the individual data sets, we chose to reference the retrieved column ice masses to the same particle size distribution and include any differences in the uncertainties. In case information about the size distributions within the two data sets becomes available, Figures 2 and 4 can be used to determine the column ice mass with less uncertainty.
[31] Table 1 summarizes all relevant inputs to the SNOE column ice mass calculations in Figure 5 . Stevens et al. [2007] show how the column ice mass can be used together with the cloud occurrence frequency to compare the SNOE and SBUV data sets and to estimate the total mesospheric ice mass.
Conclusions
[32] Because of its insensitivity to the ice particle size distribution, the PMC column ice mass is well suited for comparisons between measurements and with microphysical model calculations Siskind et al., 2007] . Generally, the limited information available for the PMC ice particle size distribution results in significant uncertainties when the column ice mass is derived from forward scattered observations of mid-UV sunlight. This is the consequence of the r 6 dependence of the scattering cross section, which applies in these conditions. However, we find that for a typical backscattering geometry (q > 90°), mid UV (215 nm, 252 nm) scattering cross sections of PMC particles with sizes greater than $30 nm have a particle radius dependence closer to r 3 than to r 6 . This means that the PMC brightness is roughly proportional to the ice volume and thus only weakly dependent on the size distribution of the PMC particles. We find that this conclusion not only applies to spherical cloud particles but also to spheroids with moderate axis ratios (0.5 < AR < 5.0).
[33] We use a wide range of particle size distributions that practically covers all characteristic particle radii inferred from measurements. In particular, we consider truncated Gaussian distributions with 15 nm < r 0 < 100 nm and 10 nm < s G < 20 nm as a constraint for inferring the PMC vertical column ice mass. Consideration of 95% of all possible solutions yields a +35%/À46% (referenced to r 0 = 60 nm and s G = 15 nm) uncertainty in the PMC column ice mass observed by SBUV. Assuming prolate (oblate) spheroids with an AR of 0.5 (2.0 and 5.0), yields column mass densities within the uncertainty of the spherical particles. For the limb viewer SNOE, the uncertainties in the particle size distribution yield even smaller uncertainties in the vertical column ice mass (+4%/À48%, referenced to r 0 = 60 nm and s G = 15 nm). Figure 5 . Retrieved SNOE vertical column ice mass versus SNOE PMC spectral radiance at 215 nm assuming spherical particles and a truncated Gaussian size distribution. The shaded area (±33%) represents 95% of all solutions assuming distributions with 15 nm < r 0 < 100 nm and 10 nm < s G < 20 nm as shown in Figure 4 . The derived slant column ice mass has been scaled by a factor of 97.1 to obtain vertical column ice mass (see text).
